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SEMPA observations of magnetic exchange coupling in the Fe/Awe, Fe/Au/Fe, and Fe/Cr/Fe 
systems reveal an intensity variation in the emitte.d se.condary electron signal that depends only on 
whether the Fe layers are coupled in a ferromagnetic or antiferromagnetic sense. We ascribe this 
new effect to spin dependence in the transport of electrons between the two magnetic layers. 

INTRODUCTION 

The phenomena of exchange coupling of ferromagnetic 
layers and the related giant magnetoresistance effect (GMR) 
have been the subject of extensive recent research,’ owing, in 
part, to the potential such effects have for application in a 
new class of devices called spin valves.” The GMR effect 
depends upon a difference in the spin-dependent transport of 
Fermi energy electrons between two or more ferromagnetic 
layers that are aligned either ferromagnetically or antiferro- 
magnetically with each other. We have discovered a similar 
effe.ct, an alignment-depe.ndent variation in the emission of 
secondary electrons, in Fe/Ag/Fe, FeiAu/Fe, and Fe/Q/Fe 
sandwiches. We ascribe this new effect to spin-dependent 
transport of much higher energy electrons, i.e., hot electrons 
with energies of 5-15 eV with respect to the Fermi level. 

In a series of measurements, we have applied the tech- 
nique of scanning electron microscopy with polarization 
analysis3 (SEMPA) to the study of the Fe/Cr/Fe,4 Fe/A@J?e,’ 
and Fe/Au/Fe’ exchange coupled layers. The experimenta 
arrangement we have used for our SEMPA studies of ex- 
change coupling in FelAg/Fe is shown in Fig. 1. Although 
we have obtained similar results for the Fe/Cr/Fe and 
Fe/Au/Fe systems, we will illustrate thii new effect in this 
paper by concentrating on measurements of the Fe/AglFe 
system. 

An Fe single crystal whisker is used for the substrate 
because of its very high degree of crystalline perfection and 
surface flatness. AAg film is grown epitalrially in the shape 
of a wedge with its thickness varying from 0 to 25 ML. 
Finaily, an Fe overlayer is grown with a uniform thickness in 
the range of 3-12 ML. The domain structure of the Fe sub- 
strate is very simple; it consists of two oppositely oriented 
domains, as shown in Fig. 1. As a result of the periodic 
reversal of exchange coupling as a function of interlayer 
thickness, domains in the Fe overlayer will be oriented either 
parallel or antiparallel to the substrate domains depending on 
the sign of the coupling, and will form a pattern that directly 
rei’Iects the periodicity of the coupling. The SEMPA 
instrument” can directly observe this magnetization patte.rn 
by measuring the polarization of the secondary electrons pro- 
duced by the incident beam of a scanning electron micro- 
scope. In this way, very accurate determinations of the peri- 
ods of the exchange coupling can be made and used to test 
the prevailing theory, in which the oscillations are correlated 
with the existence of nesting vectors in the Fermi surface of 
the interlayer material.7’s 

In general, in SEMPA measurements the magnetization 
information is carried by the polarization of the secondary 
electrons, and is not reflected in the secondary electron in- 
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tensity. However, measurements of sandwich structures with 
Fe whisker substrates, Fe overlayers, and Ag, Cr, and Au 
interlayers, reveal a very interesting secondary intensity sig- 
nal, which depends only on the relative alignment of the 
substrate and overlayer magnetizati*on. We attribute this sig- 
nal to the propagation of energetic, or “hot,” electrons from 
the substrate experiencing spin-dependent interactions during 
transport. Following a discussion of the specifics of the ex- 
perimental procedure and results, we discuss our model for 
this effect. 

EXPERIMENT 

Complete details of the e.xperimental procedure exist 
elsewhere.3,” The Fe(100) single crystal whiskers were 
cleaned with standard procedures,’ and examined using 
SEMPA, reflection high energy electron diffraction 
(RHEED); and scanning Auger microscopy. Under inspec- 
tion by scanning tunneling microscopy,‘” these Fe whisker 
surfaces are seen to be extremely flat with single atom high 
steps approximately every 1 w. RHEED patterns of the Fe 
whiske.rs show a Laue arc of sharp spots after the whiskers 
are cleaned by Ar sputtering and annealed at 800 “C. 

The interlayer wedge is grown by evaporating Ag at a 
rate between 0.07 and 0.8 monolayers/s while moving a shut- 
ter over the surface of the whisker. Growth at substrate tem- 
peratures between 60 “C and 100 “C produced RHEED pat- 
terns indicative of nearly perfect layer-by-layer growth. The 
observation of RHEED intensity oscillations indicated some- 
what disordered growth for the first 3-4 layers, with much 
better growth for Ag thicknesses of 6-30 layers, followed by 
increasing disorder. 
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FIG. 1. Schematic diagram of Fe/Ag/Fe sandwich nanostructure showing 
the modulation in the sign of exchange coupling between Fe films. 
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FIG. 2. Top: Magnetization image of wedge area. White (black) indicates 
magnetization to the right (left). Bottom: intensity image of same region. 
Linear gray scale mapping with white indicating high intensity. 

SEMPA images from the measurement of an Fe/Ag/Fe 
sandwich structure are shown in Fig. 2. The top image is the 
conventional SEMPA magnetization image, while the bottom 
image is the related sccon.dary electron intensity image with 
its zero suppressed to better display the band-iike intensity 
variations. Notice that while the two domain substrate struc- 
ture cre~ttcs a checkerboard pattern in the magnetization im- 
age, only bands are seen in the intensity. The secondary in- 
tensity image data can be reduced to a series of curves by 
computing, at each position along the wedge, i.e., each inter- 
layer thickness, the secondary intensity averaged over the 
width of the wedge. The SEMPA magnetization image data 
is similarly reduced to curves, except the averaging is done 
within each of the two substrate. domains and symmetry is 
invoked to correct for auy instrumental zero offset in the. 
magnetization measurement. The thickness scale can be de- 
termined very accurately by a method similar to the conven- 
tional method of monitoring RHEED intensity oscillations 
during evaporation. Instead, the microscope’s electron beam 
is used to generate a RHEED image from a spot on the 
wedge portion of the sample. The intensity of a selected 
region of this image is used to form a “RHEED intensity 
image’” as the incident beam scans the sample. The RHEED 
intensity image exhibits oscillations in intensity with the in- 
creasing thickness of the wedge. When correlated with the 
n1easure.d magnetization images by defect matching, the 
RHEED intensity image allows setting the thickness scale at 
every point of the magnetization or SEM intensity images to 
within 10.1 layers. The data are summarized in Fig. 3, 
where the lower curve shows the measured RHEED intensity 
oscillations for the first 20 layers of a wedge. 

The topmost curves of Fig. 3 present the secondary elec- 
tron intensity for Fe. overlayer thicknesses of 3, 6, and 12 
monolayers. Most notable is the rise in intensity in the 3 ML 
Fe curve as a function of’ Ag wedge thickness. This is pre- 
sumably due to a greater secondary yield for Ag relative to 
Fe. When the background is subtracted from these curves by 
estimating it with a smoothly varying, low-order polynomial, 
a very interesting structure is revealed. These curves are re- 
plotted with their smoothly varying background subtracted in 
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FIG. 3. Top: secondary intensity; center: modulation of secondary intensity; FIG. 3. Top: secondary intensity; center: modulation of secondary intensity; 
polarization envelope of 0 ML Fe secondaries {long dashes; see the text); polarization envelope of 0 ML Fe secondaries {long dashes; see the text); 
bottom: normalized magnetization; RHEED intensity oscillations, bottom: normalized magnetization; RHEED intensity oscillations, 

the middle of Fig. 3. The obvious modulation is presented as 
a percentage of the average intensity value at each Ag thick- 
ness. This modulation is seen for 3, 6, and 12 ML Fe over- 
layers, and closely mirrors the measured oscillation in the 
Fe/A@Fe interlayer exchange coupling. The amplitude of the 
modulation is greatest for a 6 ML Fe coverage, and the 
modulation amplitude is seen to decrease for all Fe thick- 
nesses as the Ag thickness increases. 

Below the intensity curves just discussed, we plot the 
magnetization measured in the positive y direction along the 
whisker. All magnetization values are shown normalized to 
the observed magnetization of bulk Fe, M,,. There are four 
curves here corresponding to Fe overlayer thicknesses of 0, 
3,6, and 12 ML. The 0 ML curve reflects the polarization of 
the Fe substrate as a function of Ag thickness, and we se.e an 
exponential falloff as the substrate polarization is attenuated 
by the increasing Ag interlayer thickness. The other magne- 
tization curves display the expected5+7 modulation of over- 
layer magnetization from exchange coupling. We note that it 
is not until an overlayer thickness of 12 ML that the full, 
bulk Fe magnetization is realized. 

The correspondence between the modulation in the mag- 
netization curves, with Ag thickness, and the modulation in 
the intensity curves, is obvious and striking. One might be 
led to the conclusion that the direction of magnetization of 
the Fe ove.rlayer somehow affects the number of secondary 
electrons ejected. However, the Fe whisker substrate has two 
oppositely directed domains, as shown in Fig. 1, so the Fe 
overlayer domain structure is split into two halves with two 
oppositely directed magnetizations at each Ag thickness, also 
as shown in Fig. 1. If the overlayer magnetization from the 
other half of the Fe whisker were plotted, the curves would 
look as if they had been inverted with respect to the x axis. 
The intensity curves from this half of the whisker do not 
invert, however. Hence, the intensity oscillations are corre- 
lated with the relative alignme~zt of magnetization of the Fe 
films. 

DISCUSSION 

The electrons used to form images in the SEMPA tech- 
nique are secondary electrons. They are generated from the 
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cascade of incident primary electrons or backscattered elec- 
trons, and originate from a region within a few nanometers 
of the surface be.cause of mean-free path considerations. The 
electrons that contribute to the signals displayed in Fig. 3 
may originate in the Fe substrate, the Ag interlayer, or the Fe 
overlayer, depending on the particular situation. For ex- 
ample, the 0 ML Fe magnetization curve is seen to exhibit an 
approximately exponential decay with Ag thickness. This de- 
crease in polarization corresponds to the increased number of 
unpolarized electrons originating in the Ag accompanied by 
the attenuation of the polarized secondary electrons from the 
Fe substrate. This 0 ML polarization curve has been scaled 
and replotted. with its mirror image, in the middle of Fig. 3. 
The envelope created suggests that the falloff in intensity 
modulation amplitude with Ag thickness is related to the 
relative abundance of secondary electrons from the substrate. 

The explanation of the observed effect lies in the flter- 
ing of hot electrons due to spin-dependent scattering, and is 
directly analogous to explanations of the basis for the giant 
magnetoresistance in similar sandwich structures. Incident 
primary electrons, and other electrons in the cascade, gener- 
ate polarized electrons in the substrate, some of which are 
directed toward the surface. These electrons are attenuated 
during their transport to the surface by spin-dependent as 
well as spin-independent interactions. Transport through the 
Ag interlayer may be presumed to occur in a spin- 
independent manner. However, there may be spin-dependent 
interactions within the Fe overlayer or at the A&Fe interface, 
For example, there have been both theoretica11r7r2 and 
experimental’“*‘” determinations of spin-dependent mean- 
free paths in bulk materials, as ,well as a discussion’s of using 
the difference in mean-free path as the basis of a spin detec- 
tor. The spin-dependent interactions, which depend only on 
the relative alignment of the magnetic layers, control the 
number of substrate electrons that make it to the. near surface 
region. However, since the measured electron polarization is 
constant for all but the smallest Ag interlayer thicknesses, the 
secondary electrons ejected reflect the overlayer polarization 
and must originate there. The experimental results can there- 
fore be explained by spin-dependent, hot electron transport 
of substrate electrons to the near surface region, followed by 
the ejection of polarized overlayer electrons with an intensity 
modulation that reflects the spin dependence of the transport. 

The secondary electrons from the substrate, which must 
have an energy nominally greater than 5 eV above the Fermi 
level, experience. a few percent difference in transmission 
probability for the two cases of parallel and antiparallel fer- 
romagnetic layer alignment. As in the GMR effect, the trans- 
port is higher for the parallel magnetization configuration. 
However, the GMR phenomena is related to Fermi level 
electrons, while those playing a role here are obviously of a 
much higher energy. 

We have made similar measurements in the Fe/Au/Fe 
and Fe/Cr./Fe systems, as shown for comparison, along with 
the Fe/Ag/Fe data in Fig. 4. In both cases the measured sec- 
ondary intensity is modulated and the modulation correlates 
directly with the relative alignment between the ferromag- 
netic layers. As was the case in Ag, aligned ferromagnetic 
layers produce higher secondary electron intensities. 
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FIG. 4. Relationship between secondary intensity oscillations (dotted lines, 
scales to left) and magnetization direction (solid lines, scales to right). 

CONCLUSION 

We report a modulation in the production of near surface 
secondary electrons in Fe sandwich structures that depends 
on the relative orientation of the two Fe layers, when sepa- 
rated by Ag, Au, or Cr. The modulation in amplitude, of a 
few percent, is seen to be due to the spin-dependent transport 
of hot electrons between the Fe substrate and the Fe over- 
layer, resultmg in the ejection of an overlayer electron. Par- 
allel alignment of the Fe. layers, in the cases we studied, 
always corresponds to a higher secondary emission current. 
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